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Charge transfer plays the central role in chemisorption and chemical reactions at
metal surfaces. The Somorjai group in Nano. Lett. 9, 3930 (2009) has reported a
chemicurrent, a flux of charge carriers in response to H2 oxidation by O2 into H2O
over a platinum surface. The nature of the chemicurrent has been debated in the liter-
ature; explanations both extrinsic and intrinsic to the reaction mechanism have been
offered. This article suggests a picture behind the chemicurrent experiments, which
is intrinsic to the mechanism of hydrogen oxidation in a high temperature regime.
Surface reaction intermediates, “O−”, “H−”, “OH−”, are negatively charged while
the product, H2O, and reactants, H2 and O2, are neutral. Hence, charge transfers
between the metal and reacting species are inevitable. After electrons are trans-
ferred from the metal to the interface in dissociative oxygen and hydrogen adsorp-
tion, translationally excited electrons in the metal arise in part as a result of decay
of negatively charged transition states in reaction steps connecting surface species
of different charges, “O− + H−”  “2e + OH−” and “OH− + H−”  “2e + H2O”.
These transition states are the lowest energy configurations possible for changing the
charge of the negatively charged surface intermediates. In particular, the transition
state for “O− + H−”  “2e + OH−” limits the reaction rate. These processes may
contribute to the chemicurrent. This picture should also apply to other catalytic
chemical reactions on metal surfaces that proceed through formation of charged sur-
face intermediates and their consequent discharge into the metal.
a)To whom correspondence should be addressed: SNMaximoff@gmail.com
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I. INTRODUCTION
Absorption of light in metals may produce hot internal electrons whose kinetic energies
exceed typical thermal values1. Exothermic chemistry at low workfunction metal surface may
eject electrons from metal in the form of exoelectrons2,3. Evidence has been mounting3–13
that exothermic redox chemical reactions at high workfunction surfaces of electron-rich noble
and late transition metals may also invoke hot electron excitations that propagate for about a
few nanometers into the metal at kinetic energies & 0.5−1.2 eV, but below the workfunction
barrier for electron ejection from the metal (4.3−5.9 eV14). These excitations must propagate
inside the metal rather than in a vacuum, and therefore are tricky to probe directly in
experiments. Methods of their detection are based on Schottky diode experiments (figs. 1(a)
and 1(b)). These experiments aim to register these excitations indirectly as a zero voltage
bias electric current through high workfunction metal film/semiconductor Schottky diodes
with 0.5−1.2 eV Schottky barriers4,8,15 during adsorption-desorption or reactive adsorption-
desorption of molecules or atoms at the interface between the gas and the diode at pressures
ranging from ultra high vacuum (UHV) to pressures on the order of one bar4. A catalytic
Schottky diode is a thin film of a catalytic metal that joins a thicker film of a semiconductor
so that the Schottky barrier at the interface of the metal and semiconductor passes the
current of thermal electrons in the direction from the semiconductor to the metal but not
in the opposite direction. However, a current originating at the surface and passing through
the metal film may circumvent the Schottky barrier and enter the semiconductor when the
kinetic energy of carriers exceeds the Schottky barrier height. These hot carriers, which
a surface chemical reaction may generate, would then contribute to the zero bias current
through the diode.
The Refs. 4 and 16 have reported that an exothermic catalytic chemical process (the
reaction heat of −2.51 eV per an H2O17) at the constant partial pressures pH2 = 6 Torr and
pO2 = 760 Torr,
H2 +
1
2
O2 + Pt(111) −→ H2O + Pt(111), (1)
over a 5 nm thick Pt film in Pt/n-TiO2 diode with the Schottky barrier of 1.1−1.2 eV induces
a zero-bias current. Refs. 4 and 16 further separate this current into a component due to a
temperature gradient across the Schottky diode (thermoelectric current) and another com-
ponent proportional to the reaction rate — the chemicurrent. This partitioning scheme does
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not expose molecular mechanisms, which are responsible for the measured zero-bias current,
and it has been debated in the literature10,18,19 whether chemicurrent is a phenomenon that
has to do with charge transfer surface chemistry at high pressure conditions.
It is not at all new that internal degrees of freedom of molecules play a role in energy
flow between metal electrons and molecules through transient retention of metal electrons
by the internal degrees of freedom20,21. Refs. 7 and 22 bring up the significance of tempo-
rary molecular anions in energy relaxation in molecular scattering against metal surfaces.
Refs. 23–25 discuss how transient charge transfer between adsorbates and metal surfaces
facilitates rovibrational energy relaxation. A review26 discusses exoelectron emission during
oxygen adsorption on alkali metal surfaces. It can happen in chemical reactions that the
number of electrons localized at reacting intermediates changes significantly and rapidly
upon crossing the activation barrier at a transition state (i.e., a saddle point at the ground
state adiabatic surface) along the reaction coordinate27. This structure of the ground state
adiabatic surface conveys an instability in the number of electrons localized at the interface
in the adiabatic ground state and preconditions non-adiabatic conversion of high internal
energy at the transition state into kinetic energy of delocalized metal electrons. As it turns
out, this latter picture is relevant in the catalytic hydrogen oxidation reaction eq. (1).
This article examines eq. (1) in a particular case of a high temperature regime when
water is not present at the Pt(111) interface to reveal typical events that may contribute to
the chemicurrent. In this case, the reaction mechanism is relatively well-understood28. In
particular, it can be scrutinized theoretically for potential sources of chemicurrent. First,
O2 and H2 from the gas dissociatively adsorb at the interface and give rise to chemisorbed
O29 and H30. Second, a surface hydroxyl, OH, forms. Third, a water molecule forms upon
hydrogenation of OH.
The dissociative O2 adsorption on Pt(111) (heat of dissociative adsorption is −2.0 eV
per an O2 at the saturation coverage) is a sequential electron attachment process. O2
remains physisorbed and uncharged, “O2” (quotation marks enclose an interfacial specie),
at T . 45 K31–34, it converts to the charged superoxide, “O−2 ”, in the temperature range
90 − 135 K35,36, and then to the charged peroxide, “O2−2 ”, in the temperature range 135 −
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150 K31–33, and then to the pair of oxygen ions, “O− + O−”, at higher temperatures,
O2 + 2e
“O2 + 2e” “O−2 + e”“O2−2 ” “2O−”. (2)
The observed increase in the electronic workfunction of Pt(111) upon adsorption14, core
level spectroscopies32,33, the O−O bond elongation, and electronic structure calculations37
all indicate that the negative charge progressively increases from virtually none in “O2”,
to larger values in “O−2 ” and in “O
−”, due to charge transfer from the metal to interfacial
electronic states derived from the lowest unoccupied molecular orbitals (LUMO) of O2.
The Pt(111) interface must be predominantly covered with oxygen in the excess oxygen4.
Therefore, H2 dissociates on Pt(111) precovered with O (initial heat of adsorption is around
−0.7 eV per an H2). Dissociative H2 adsorption14,30 on most metal surfaces results in a
charge transfer from the metal that causes formation of “H−”,
H2 + 2e “H2 + 2e” “2H−”. (3)
If “H2O” is not present at the interface, the reaction proceeds through
“O− + H−” [“OH− + e”] 6=  “OH− + e”, (4)
at a relatively high activation energy of 0.69 eV38. An “OH−” in eq. (5) further recombines
with a “H−”,
“OH− + H−”
[“OH− + H + e”]6= “H2O + 2e”, (5)
at an activation energy lower than that for “OH−” formation39–41.
The product, H2O in eq. (5), and the reactants, H2 and O2 in eqs. (2) and (3), are elec-
troneutral, but the above discussion indicates that eq. (1) involves anionic intermediates at
the metal-gas interface. Since the chemical process in eq. (1) is catalytic, the anionic inter-
mediates are not permanent, and, by charge conservation, an intermittent charge flux from
and to the interface is inevitable. In what follows, this article relies on quantum chemistry
models to show that eq. (1) necessitates intermittent charge transfers from the interface to
metal. These charge transfers occur at high energy configurations that correlate with the
transition states [“OH− + H + e”]6= and [“OH−+e”]6=. The barriers at these transition states
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are the activation barriers for associative electron detachment events. For the associative
electron detachment events to proceed, the total energy of the colliding anionic intermediates
on the left-hand sides of eq. (5) must exceed the minimum barrier for electron detachment
into the conduction band of the metal from the interface (the middle terms in eq. (4) and
eq. (5)).
II. METHODS
The Pt(111) metal-vacuum interface is modeled by 4 layer hexagonal p(2n×2m)-Pt slabs
with n,m = 1, 2 with a single side open for adsorption. The spacing between the periodically
replicated parallel slabs in the direction perpendicular to the surface is maintained above
17 A˚ to diminish the spurious dipole-dipole interaction between the slabs that asymptotically
decreases as the inverse cube of the separation distance. A long-range ordered honeycomb
p(2 × 2) − O pattern in register with Pt(111) such that every other fcc site is occupied by
“O−”42 corresponds to the 0.25 monolayer of “O−” saturation coverage upon exposure of
Pt(111) to O2 at T & 150 K. This structure is taken as a model of oxygen adsorption.
Numerical density functional theory calculations with periodic boundary conditions in
this work have been done using the Quantum-ESPRESSO suite of computer programs43.
The exchange-correlation energy is given by the PW91 generalized gradient approximation44.
The core electrons in H, [He] O, [Xe] Pt are described by ultrasoft pseudopotentials, which
are fitted to reproduce the numerical Kohn-Sham orbitals of the atoms43. The ultrasoft
pseudopotential for Pt includes the scalar relativistic effects as well as the non-linear core
corrections. The Kohn-Sham orbitals and the charge density of the valence electrons are
expanded into the Fourier series over plane waves with kinetic energies below 612.26 eV and
6122.6 eV, respectively.
The equilibrium geometries are computed by variable cell relaxation runs until the total
force and the stress falls below 0.026 eV/A˚ and 1 kbar, respectively. Minimum energy path-
ways connecting the equilibrium structures on the adiabatic ground state surface are sampled
by the nudged elastic bands (NEB) method45. A string of intermediate structures interpo-
lating between the initial and final equilibrium structures is varied until forces perpendicular
to the path fall below 0.094 eV/A˚. In the NEB and geometry optimization calculations, the
integrals over the irreducible surface Brillouin zone of the hexagonal p(2n× 2m) lattice are
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discretized over 4/n × 4/m Monkhorst-Pack grid46 with the Methfessel-Paxton first-order
smearing47 of 0.204 eV.
The electronic structure at fixed configurations of atomic cores is quantified by projected
densities of states and by Bader atomic charges48. The reciprocal space integrals in the
expressions for the density of electronic states, the electron number density, and the Fermi
level are computed over 32/n×32/n Monkhorst-Packs grid using the tetrahedron method49.
The projected density of states is computed using projections on the valence atomic orbitals.
III. RESULTS AND DISCUSSION
Figure 2 shows the density of the electronic states at “O−” in the saturation coverage
structure, p(2 × 2)-Ofcc (fig. 3(a)). The excesses of electrons at the 2pO orbitals and the
depletion of electrons at the 5d orbitals are readily seen within the triangle of the interfacial
Pt sites surrounding the fcc hollow sites in the interfacial layer, as well as in the dz2 orbital
of the Pt atom just beneath the fcc hollow site. These observations are consistent with the
picture of O2 adsorption, which is established in the literature
50,51.
Figure 2 shows the density of the electronic states at “H−”. The bonding 1sH-metal states
are below the Fermi level. The excess electron density in fig. 3(a) indicates the excess of
electrons at the 1sH orbitals of “H
−” and the deficit of the electrons at the Pt 5d6s orbitals
underneath. The charge of an oxygen atom in p(2× 2)-Ofcc (fig. 3(a)) is 0.75 e. The charges
of oxygen and hydrogen atoms in p(2 × 2)-Ofcc + Htop coadsorption structure are 0.75 and
0.02 e, respectively.
As figs. 3(a,b) show, the co-adsorbed “O−” and “H−” must overcome an activation barrier,
χ 6=OH(I) = 0.79 eV, during the up-hill step P′2, before “OH
−” forms during the down-hill step
P ′′2 . As fig. 4(a) indicates, the excess electron density in fig. 3(a) transforms from the initial
1sH- and 2pO-like distribution to a bond-centered distribution during P
′′
OH(I), a fraction of the
electrons redistributes to the non-bonding 1piOH, where they remain, while the rest return
to the metal. The latter is indicated by the drop in the charge at the adsorbates by 0.17 e
during P ′2 and then by 0.24 e during P
′′
2 (fig. 3(c)). With the charge now concentrated at
the non-bonding lone pairs 1piOH, “OH
−” assumes the O-end down position (fig. 3(a)). The
energy that these electrons may take is estimated by the energy drop, δuOH(I) = 1.1 eV,
during P ′′2 .
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As fig. 3(a) shows, “H−” from an fcc hollow site migrates to a bridge site adjacent to the
atop “OH−” during P ′′4 , and then moves towards the “OH
−” along the asymmetric stretch
of the nascent water molecule during P ′4. The energy in fig. 3(b) increases towards the
activation barrier, χ 6=H2O = 0.3 eV, at H2O
6= during P ′4. It drops by δu
6=
H2O
(about 1.2 eV)
to the minimum at “H2O” during P
′′
4 . Meanwhile, the charge in fig. 3(c) increases by
0.1 e during P ′4, and then increases by 0.94 eV during P
′′
4 , indicating charge transfer to the
metal. This behavior is caused by the emptying of the continuum of the H · · ·OH LUMO
(4a1)-derived states that host the excess charge before the transition configuration, H2O
6=
as fig. 4(b) illustrates. In other words, H2O
6= is an “H · · ·OH−” that is just about to desorb
while simultaneously autoionizing into the metal conduction band.
Electron transfers in surface chemical events eqs. (2) to (5) define a surface electron pump,
which may contribute to the chemicurrent during catalytic hydrogen oxidation eq. (1) on
Pt(111) in a high temperature regime when water does not remain at the interface. The legs
that form a cycle of the pump are consequent reduction and oxidation reaction. Delocalized
conduction electrons from the metal localize at the interface along the reductive legs when
surface anions form (i.e., in dissociative adsorption of hydrogen eq. (3) and oxygen eq. (2)).
Then these localized electrons return to the metal during the oxidative leg of the cycle
when the surface anions autoionize (i.e., in the formation of hydroxyl eq. (4) and water
eq. (5)). It has long been established that metal electron can be excited in exothermic
oxygen adsorption over metal surfaces26. Some of the heat released in this reaction is likely
to excite metal electrons here. Charge transfers from the interface to the metal during the
oxidative steps take place at transition states, which are high in energy compared to the final
states (1.1 − 1.2 eV). Upon relaxation towards the final state, this excess energy must be
shared between the rovibrational and electronic degrees of freedom, and, in the latter case,
may channel to the chemicurrent in a Schottky diode with a low enough barrier. A possible
energy transfer scenario involves 4a1-derived states of a nascent water molecule, which carry
electrons localized at or before the anionic transition state to delocalized metal conduction
electrons above the Fermi level at the electroneutral product water molecule. This picture
is reminiscent to that seen in the context of catalytic CO oxidation on Pt(111)27, which
also exhibits chemicurrent52,53 and involves charge transfer transition states. Mechanism
of eq. (1) at low temperature when water is present at the surface is considerably more
involved39,40,54. However, hydrated anions must develop in this reaction, and these anions
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must change their charges during reaction steps (e.g.,“(H2O)n+1O
−+e” “(H2O)n(OH)2−2 ”
and “(H2O)n(OH)
2−
2 + H
−”  “(H2O)n+1(OH)− + 2e” ). These changes would occur at
transition states just as in CO oxidation and hydrogen oxidation at high temperature.
This article does not make any specific determination about the energy that these elec-
trons carry; a model beyond the adiabatic limit would be required to make such a deter-
mination and will be discussed elsewhere. However, the conclusion about the existence and
importance of the charge transfer transition states in hydrogen oxidation, as those configura-
tions where the adiabatic picture fails in a particular way, follows already from the structure
of the ground state adiabatic potential.
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FIG. 1. (a) The Schottky diode. The chemistry takes place at the interface of the gas and the
catalytic metal (right), the catalytic metal joins the n-semiconductor over the Schottky contact.
The Ohmic contacts (the yellow bars) collect the charge from the catalytic metal and the semicon-
ductor. The wires (brown lines) close the circuit through the ammeter. (b) An energy diagram
of the Schottky diode. The chemical potential of the electrons (µe) is below the Schottky barrier
(χSh). If a chemical process excites a charge whose kinetic energy at the Schottky contact exceeds
the Schottky barrier, the charge enters the semiconductor where it travels in the conduction band
(Ec) above the valence band (Ev). The workfunction and the absorption barriers (the rightmost
blue vertical line) prevent the electrons from spilling into the gas and the molecular species from
entering the metal, respectively.
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2pO ± 5dPt1sH ± 5dPt
FIG. 2. The density of the Kohn-Sham electronic states at the coadsorbed O and H ions (the black
curve), that of the 2pO‖± 5dPt states (the upper red curves), the 2pO⊥± 5dPt states (the upper red
curves), that of the 1sH ± 5dPt states (the blue curve).
10
(a)
(b)

P1

P 2

P 2

P3

P 4

P 4
(c)

OH(I)


uOH(I)


H2O


uH2O

FIG. 3. Along minimum energy reaction paths are shown: (a) the surface oxygen (red balls)
and hydrogen (white balls) atoms on Pt(111) (upper row), and the surface electron density ±0.005
contour values relative to that decoupled from the metal adsorbate layer and that of Pt(111) (blue
and pink represent build up and depletion of electrons, respectively); (b) the changes in the energy
with respect to the clean Pt(111) slab and a free H2O; (c) the charge at the interface.
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